Spherical-shape Zn 2 SiO 4 :Mn phosphor particles with the mean particle size from submicron to micron sizes were prepared by ultrasonic spray pyrolysis method. A droplet separator was introduced to control the size distribution of the phosphor particles with spherical shape. The Zn 2 SiO 4 :Mn phosphor particles with 2 mol% doping concentration of manganese have decay time and have photoluminescence intensities comparable with those of the latest commercial product prepared by the solid state reaction method. The size of the phosphor particles was decreased from 1000 to 200 nm as the inorganic salt solution concentration was changed from 0 to 5 M. The phosphor particles prepared from the solutions above 0.5 M have photoluminescence intensities comparable with that of the latest commercial product.
Manganese doped zinc silicates are mainly used as green emitting phosphor materials in plasma display panels (PDPs) because of their good luminescence characteristics and chemical stability under vacuum ultraviolet (VUV) excitation. The enhancement of phosphor properties such as luminous and morphological characteristics is important in the development of high efficient PDPs. The morphology of particles affects the characteristics of phosphor material in application to displays and lamps. The uses of spherical particles increase screen brightness and improve the resolution due to lower scattering of the evolved light and higher packing density than irregular shaped particles. 1 Up to now, commercial manganese doped zinc silicate green phosphors have been fabricated mainly by the solid-state reaction method. 2 However, the solid-state reaction method has some disadvantages such as high firing temperature and difficulties to control the particle sizes and shapes despite its simple processing. Therefore, in order to overcome these problems, new fabrication methods such as the hydrothermal, 3 sol-gel, 4, 5 and spray pyrolysis method 6 have been studied and produced a good photoluminescence.
Ultrasonic spray pyrolysis, which is one of the gas phase reaction methods, was applied to the preparation of multicomponent phosphor materials and generally used in industry to produce droplets with broad size distribution. The characteristics of droplets generated in ultrasonic spray * Corresponding author.
generator caused the broad size distribution of the particle with spherical shape. Spray pyrolysis is a method of producing particles, in which a misted stream of precursor solution is dried, precipitated, and decomposed in a tubular furnace reactor. Particles produced by spray pyrolysis are relatively uniform in size and composition because of microscale reaction within a droplet and the lack of milling process. In spray pyrolysis, the rare-earth dopants are well distributed inside host materials, so the produced particles are expected to have good luminescence characteristics compared with other solid or liquid processes. 7 We developed a new type of ultrasonic spray generator having three vibrator lines that can control by different operating unit, 8 and utilized this system to decrease the size distribution of droplets down to nanoscale as well as to get manganese doped zinc silicate (Zn 2 SiO 4 :Mn) phosphor particles with spherical shape and uniform composition. In this work, we have synthesized the zinc silicate green phosphors with sub-micron size using the inorganic salts by ultrasonic spray pyrolysis method. Also, characteristics of the greenphosphor particles such as phase purity, crystallinity, and photo-luminescence (PL) were investigated.
The starting solution was prepared from zinc acetate dehydrate, tetraethyl orthosilicate (TEOS), and manganese acetate. The small amount of sulpuric acid was added for clear solution. The doping concentration of manganese was 2 mol% to zinc component. The high doping concentration of manganese was applied to decrease emission intensity and decay time of the green phosphor particles. Inorganic additive, sodium chloride (NaCl) was added into the spray solution to control the size of phosphor particles in the small scale spray pyrolysis method. The addition amount of NaCl was 200% of starting solution. The synthesis temperature was 900 • C. The as-prepared phosphor particles were calcined above 900 and 1000 • C for crystallization and activation of phosphor materials. The calcined process is then followed by a reduction process at 900 and 1000 • C by introducing the gas mixture of nitrogen and a small amount of hydrogen (10%) into the furnace (reducing atmosphere), and thereby giving rise to higher emission intensity. Figure 1 shows the flow chart of the phosphor particles synthesis prepared with the ultrasonic spray pyrolysis method.
The prepared particles were characterized using X-ray diffraction (XRD), and scanning electron microscopy (SEM). The luminescence characteristics of the prepared particles under ultraviolet (UV), and vacuum ultraviolet (VUV) were measured with Kr lamp.
The zinc silicate exhibits two crystalline phases (α and β). The so-called α-zinc silicate (willemite) phase is the most interesting one for luminescence applications because Mn 2+ in substitution of Zn 2+ exhibits a bright green emission in α, whereas the emission is yellow in β. 9 The willemite phase is the high temperature phase. The β phase leads to α phase by annealing at temperature higher than 900 • C. 10 The XRD spectra of the particles prepared from the spray pyrolysis system is shown in Fig. 2(a) . The peaks of the β-Zn 2 SiO 4 with orthorhombic structure were obtained at 900 • C. In Figs. 2(b) and 2(c), XRD spectra of calcined particles were shown. The calcined particles above 900 • C for 10 h had crystalline phase of willemite. The as-prepared particles had poor crystallinity of β-Zn 2 SiO 4 and zinc oxide because of the short residence time of particles inside the hot wall reactor. The ZnO peaks as impurity were shown after calcinations below 900 • C. Due to the volatility of ZnO, the XRD intensities of ZnO peaks were reduced when the calcinations temperature was above 900 • C, and pure phase willemite structure was obtained after calcinations at 1000 • C for 10 h. The XRD analysis showed that typical zinc silicate crystal structures (α-zinc silicate phase) appeared at calcined temperature of 900 • C.
Unreacted zinc oxide crystal phases were also detected at calcined temperature of 900 • C. These unreacted phases had an effect on the emission intensities of the phosphor particles as described in Fig. 4 . Figure 3(a) shows the SEM photograph of the manganese doped zinc silicate phosphor particles prepared by spray pyrolysis without using inorganic salt. The overall solution concentration was 0.5 M. The phosphor particles had the characteristics of spherical shape and aggregation. Also, the prepared phosphor particles had a broad particle size distribution between 200 nm and 1000 nm. Also, some prepared phosphor particles had size of above micrometers, indicating distribution of irregular shaped particles possibly due to agglomeration. ) show SEM photograph of the manganese doped zinc silicate phosphor particles prepared by spray pyrolysis using inorganic salt. Synthesized phosphor particles had spherical shape, and agglomeration was not apparent even with the supporting inorganic salts. Also, phosphor particles had a relatively uniform particle size of the about 500 nm. This means that shape of synthesized phosphors do not change and particle size is controlled by the inorganic salt. Table 1 shows the photoluminescence emission intensities of the prepared and the latest commercial manganese doped zinc silicate phosphor particles at 147 nm VUV excitation. The photoluminescence spectra of samples having similar doping concentration of manganese show the maximum peak intensity at single wavelength. In the spary pyrolysis, the photoluminescence intensity of the phosphor particles was maximized to overcome the concentration quenching effect by optimizing the combination of the precursors, post-annealing temperature, and reducing conditions. Figure 4 shows the emission spectra of manganese doped zinc silicate phosphor particles by inorganic salt supported spray pyrolysis method. For the measurement of PL spectra, the as-prepared particles with 2 mol% doping of manganese were calcined at 900 and 1000 • C for 10 h. The 1000 • C calcined manganese doped zinc silicate phosphor particles show an emission band in the green spectral region, with a maximum at 525 nm and a half width of 40 nm, which is the typical emission of Mn 2+ in α-zinc silicate. Apart from this main emission band, there exists a weak band peak at high wavelength at the low temperature prepared sample, which disappears after 900 • C. This may correspond to the emission of Mn 2+ in β-zinc silicate that transforms to α-zinc silicate above calcinations temperature at 1000 • C. 13 Furthermore, there also exist a very weak emission band in the low wavelength region with maxima about 460 nm. The origin of the former may arise from Zn 2+ in ZnO phase. 14 Because of the minor amount of ZnO in the prepared phosphor particles, they have been found in the XRD patterns. This indicates that, as a supplementary method of XRD, fluorescence spectrum is very sensitive for phase analysis.
Spray Pyrolysis of Manganese Doped Zinc Silicate Phosphor Particles
On the other hand, the emission spectra of as-prepared sample and hydrogen reduction sample were re-measured at 77 K under the same condition as the room temperature measurement. The results are presented in Fig. 5 , showing the reduced half width in comparison with the room temperature measurement and also a red shift of about 2 nm on going from as-prepared sample to hydrogen reduction sample. According to the Tanabe-Sugano diagram, 15 such a shift reflects the increase in crystal field. Marco de Lucas et al., 16 have obtained useful experimental results which elucidated the dependence of emission band position on Mn-O distance for several manganese doped compounds that have an octahedrally coordinated Mn site. As a result, it turns out that the peak energy of manganese emission increases linearly with the Mn-O distance. The red shift observer in the present investigation should be due to the shortening of Mn-O distance in the hydrogen reduction sample.
In this study, manganese doped zinc silicate phosphor particles with spherical form, non-aggregation, and submicron size were prepared by ultrasonic spray pyrolysis method using inorganic salt. SEM result shows that the synthesized phosphor particles had spherical shape with an average size of about 500 nm, signifying that an agglomeration was not apparent and the shapes of synthesized phosphors did not change. In addition, even after the supporting inorganic salts, an inorganic salt could control the particle sizes of the phospors. The XRD analysis showed that typical zinc silicate crystal structures (α-zinc silicate phase) appeared at the hydrogen reduction temperature of 1000 • C. The 1000 • C calcined manganese doped zinc silicate phosphor particles show an emission band in the green spectral region, with a maximum at 525 nm and a half width of 40 nm, which is the typical emission of Mn 2+ in α-zinc silicate. Also, the red shift observer in the present investigation should be due to the shortening of Mn-O distance in the hydrogen reduction sample.
